Walker LA, Walker JS, Glazier A, Brown RD, Stenmark KR, Buttrick PM. Biochemical and myofilament responses of the right ventricle to severe pulmonary hypertension. Am J Physiol Heart Circ Physiol 301: H832-H840, 2011. First published May 27, 2011 doi:10.1152/ajpheart.00249.2011 failure is one of the strongest predictors of mortality both in the presence of left ventricular decompensation and in the context of pulmonary vascular disease. Despite this, there is a limited understanding of the biochemical and mechanical characteristics of the pressure-overloaded RV at the level of the cardiac myocyte. To better understand this, we studied ventricular muscle obtained from neonatal calves that were subjected to hypobaric atmospheric conditions, which result in profound pulmonary hypertension. We found that RV pressure overload resulted in significant changes in the phosphorylation of key contractile proteins. Total phosphorylation of troponin I was decreased with pressure overload, predominantly reflecting changes at the putative PKA site at Ser 22/23 . Similarly, both troponin T and myosin light chain 2 showed a significant decline in phosphorylation. Desmin was unchanged, and myosin-binding protein C (MyBP-C) phosphorylation was apparently increased. However, the apparent increase in MyBP-C phosphorylation was not due to phosphorylation but rather to an increase in MyBP-C total protein. Importantly, these findings were seen in all regions of the RV and were paralleled by reduced Ca 2ϩ sensitivity with preserved maximal Ca 2ϩ saturated developed force normalized to cross-sectional area in isolated skinned right ventricular myocyte fragments. No changes in total force or cooperativity were seen. Taken together, these results suggest that RV failure is mechanistically unique from left ventricular failure. myofilament; heart failure; protein; phosphorylation THE RIGHT VENTRICLE (RV) of the heart is anatomically and functionally distinct from the left ventricle (LV) (47). It has thinner walls and is crescentic rather than circular, and contraction occurs via longitudinal shortening (7, 15) rather than via the lateral torsion and shortening seen in the LV. Adrenergic receptor density is more robust in the RV and is heterogeneous, with a higher receptor density in the apex relative to the base (4). These distinct anatomic properties suggest that the cellular mechanisms defining the mechanical response of the RV to a pathological load may also be distinct. The need to identify the cellular mechanisms of RV contraction is underscored by the fact that RV function is a strong and independent predictor of adverse clinical outcomes, not only in conditions of RV overload but also in the presence of intercurrent LV dysfunction (12, 23, 28) .
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To approach this question, we studied sarcomeric protein biochemistry and cardiac myocyte mechanics in a unique large animal model, the neonatal calf subjected to hypobaric hypoxia (11, 16) . This model has a number of features that make it particularly suitable to address the question of whether RV dysfunction parallels LV dysfunction (biochemically and mechanically): first, the hearts from these animals are of sufficient size so that the question of regional heterogeneity can be easily addressed, and, second, the cow heart, as opposed to rodents, is biochemically quite similar to that of the human, allowing straightforward extrapolation to clinically relevant circumstances. For example, adult cow heart myofilaments are Ͼ90% ␤-myosin (like humans), whereas rodent hearts express mainly ␣-myosin. Since the myosin isoform is a primary determinant of power output and shortening velocity (14) , this is an important factor when examining myofilament mechanics. Finally, brief (ϳ2 wk) exposure to hypobaric conditions results in the development of rapid, definable pulmonary hypertension, which leads to RV pressure overload and, ultimately, to RV hypertrophy and dilation.
Since sarcomeric protein biochemistry has been postulated to be a major regulator of the mechanical behavior of cardiac tissue (34, 35) , we hypothesized that there would be regional heterogeneity of sarcomeric protein isoform expression and/or post-translational modification that would characterize the physiology of the RV. We also hypothesized that the functional demands on the RV during failure would result in unique adaptations of contractility driven by sarcomeric protein phosphorylation.
We have established the isoform expression levels of ␣/␤ myosin, troponin T (TnT), and troponin I (TnI). While the fetal isoforms of myosin heavy chain (␣-MHC) and TnI (slow TnI) are still partially present in the 2-wk calf model, there is no influence of RV pressure overload on the expression of these isoforms. Furthermore, we found no evidence for apex-to-base variation in mechanical function or sarcomeric protein expression or phosphorylation in the calf RV: the sarcomeric responses and biochemical modifications were consistent throughout the RV in control and experimental animals. However, we did establish that RV pressure overload in the calf resulted in a marked decrease in the Ca 2ϩ sensitivity of contraction without a significant change in maximal force generation and that this was associated with a reduction in the overall phosphorylation of several contractile proteins [TnT, TnI, and myosin light chain (MLC) 2] with an increase in protein phosphatase (PP)1 content. Examination of lengthdependent activation, a principle contributor to the FrankStarling effect in cardiac muscle, showed no change with failure.
MATERIALS AND METHODS

Induction of RV failure in calves.
Details of the animal model have been previously published (17, 21) . Briefly, 1-day-old male Holstein calves (70 -110 lb) were subjected to hypobaric hypoxia (barometric pressure: 445 mmHg) for 2 wk. Age-matched controls were kept at ambient altitude (barometric pressure: 640 mmHg). In response to hypobaric hypoxia, the RV both hypertrophies and dilates, anatomic and physiological features that can be well defined in vivo. The pulmonary vascular response shows elevations in pulmonary artery systolic pressures (Ͼ80 mmHg), which are associated with marked increases in stiffening of the proximal pulmonary arteries (38) . In the present study, we studied seven animals that were exposed to hypoxia and subsequently developed severe elevations in pulmonary artery pressure and five age-matched controls. Standard veterinary care was used following institutional guidelines, and the procedures were approved by the Institutional Animal Care and Use Committee (Dept. of Physiology, School of Veterinary Medicine, Colorado State Univ., Fort Collins, CO). On the day of euthanization, hemodynamic experiments were carried out as previously described (21) . After the hemodynamic experiments, the animal was euthanized by an overdose of pentobarbital sodium (160 mg/kg body wt) and exsanguinated, and the heart and lungs were excised. Biopsies (ϳ500 mg) were taken from the apex, mid, and basal portions of the RV free wall and from the free wall of the LV. The cardiac tissues were immediately placed in liquid nitrogen and subsequently stored at Ϫ70°C until analysis.
Gel electrophoresis. Approximately 20-mg samples were homogenized in 8 M urea, 2.5 M thiourea, 4% CHAPS, and 2 mM EDTA buffer with DTT, tributylphosphine, and protease inhibitors. The protein concentration of each sample was measured using a modified protein assay (Bio-Rad). Proteins were separated on 12.5% SDS-PAGE gels and stained with phosphospecific Pro-Q Diamond Gel Stain (PQD; Invitrogen) to detect phosphorylation. Phosphoproteins were imaged using a Typhoon 9410 Gel Imager. After being imaged, the same gels were stained with Coomassie brilliant blue (CBB) to quantify total protein. Relative phosphorylation was determined by dividing the PQD signal of each protein by the total protein signal for MLC1 (48) . Because myosin-binding protein C (MyBP-C) was not well separated from the MHC band using 12.5% electrophoresis, we further characterized MyBP-C phosphorylation using 7.5% SDS-PAGE gels followed by the same staining protocol. The MyBP-C phosphosignal (PQD) was divided by the total protein signal (CBB) for MyBP-C. Additionally, separation and quantification of ␣-and ␤-myosin were performed using 6% SDS-PAGE as previously published (48) . All data shown are means Ϯ SE unless otherwise stated.
Absolute MLC2 total protein and phosphorylation were further assessed by two-dimensional gel electrophoresis. Samples were separated in the first dimension by charge on isoelectric focusing tube gels (pH 4.5-5.4) and then by molecular weight in the second dimension on 15% polyacrylamide gels. Gels were stained with CBB.
Western blot analysis. Samples separated on either 12.5% or 7.5% SDS-PAGE gels were transferred to nitrocellulose membranes and blocked for 1 h at room temperature with 5% nonfat dry milk in Tris-buffered saline containing 0.5% Tween. After being washed, membranes were incubated in primary antibody at 4°C overnight. Membranes were washed, incubated in secondary antibody for 1 h at room temperature, and washed again. The protein bands were visualized using a chemiluminescent substrate and autoradiography.
Myocyte contractility measurements. Details of the myocyte isolation and experimentation protocols have been previously described in detail (19, 46) . Briefly, myocytes were purified from the frozen RV samples by mechanical homogenization and subsequently permeabilized with 0.3% Triton X-100 in rigor buffer. These isolated skinned myocyte fragments were attached to a force transducer and motor and mechanical experiments were conducted. Length and width of the skinned myocyte fragment were measured when it was attached to the force transducer in relaxing solution, and a side view mirror was used to measure depth. To evaluate the Frank-Starling effect in RV myocytes under control and failing conditions, measurements were made at two sarcomere lengths, 1.8 and 2.2 m, performed in random order.
The following mechanical measurements were made: maximal Ca 2ϩ saturated developed force normalized to the cross section (Fmax), Ca 2ϩ concentration at which force was half-maximal (pCa50), and Hill coefficient (an index of myofilament cooperativity).
Materials. The following ntibodies were used: 1°MyBPC3 (F-1, sc-137181 and sc-137237, Santa Cruz Biotechnology, 1:2,500), desmin (ab6322, Abcam, 1:1,000), TnT (T6277, Sigma, 1:500), cardiac TnI (Fitzgerald, 1:574), cardiac TnI p22/23 (Abcam, 1:10,000), PP1 (sc-7482, Santa Cruz Biotechnology, 1:1,000), PP2 (sc-14020, Santa Cruz Biotechnology, 1:1,000), actin (Sigma, 1:5,000), 2°anti-mouse (Sigma, 1:50,000), and anti-rabbit (Sigma, 1:50,000). Adult bovine tissue was from Innovative Research (Novi, MI).
Statistical analysis. For biochemical measurements, control and pressure-overloaded groups were compared using Student's t-test. Significance was set as P Ͻ 0.05. For mechanical measurements, the experiments followed a split plot experimental design with sarcomere length nested within myocytes, which were nested within treatment levels (control vs. pressure overload). Data were analyzed using a mixed effects model using the R statistical language. Main effects and interactions were reported as significant if P Ͻ 0.05. Effect plots show means and 95% confidence intervals.
RESULTS
In vivo hemodynamic data. Table 1 shows hemodynamic data from the animals used in this study. Systemic pressure was unaffected by the hypobaric atmospheric (HA) condition (39); however, pulmonary artery pressures were markedly increased (mean pulmonary artery pressure was 21.4 Ϯ 2.7 mmHg in the controls vs. 104.5 Ϯ 5.5 in the experimental cohort). Echocardiograms done on a subset of the animals (data not shown) as well as previous autopsy studies showed that the RV in animals exposed to high-altitude hypobaric hypoxia dilates over the 2-wk interval in response to pressure overload, as previously seen in this model (22, 25) . Speckle tracking done on echo images suggested a marked decrease in wall strain throughout the entire RV, suggesting that the ability of the RV to shorten is impaired.
Biochemical responses to RV pressure overload. LV failure in both humans and rodent models is associated with changes in phosphorylation of the myofilament proteins, but little is known about myofilament phosphorylation and RV failure. In this model, phosphorylation of the myofilament proteins TnT, TnI, and MLC2 (Fig. 1, A and B) was significantly decreased in the pressure-overloaded animals, and desmin phosphorylation was unchanged. The decrease in TnI phosphorylation was largely evident at the canonical PKA site as the phosphorylation of Ser 22/23 was significantly reduced (Fig. 1B) . Interestingly, MyBP-C phosphorylation appeared to be increased when normalized to MLC1 total protein (see MATERIALS AND (Fig. 1, A and B) . However, on the 12.5% SDS-PAGE gels, the phosphosignal for MyBP-C was difficult to distinguish from the nonspecific staining of the MHC band. Therefore, to better quantify the changes in phosphorylation of MyBP-C, we ran 7.5% SDS-PAGE gels and normalized the phosphosignal to the total protein signal for MyBP-C itself. When analyzed in this fashion, it was evident that total MyBP-C protein expression was significantly upregulated in -C) , desmin, troponin T (TnT), (total) troponin I (TnI), and myosin light chain (MLC)2 were normalized to total MLC1 protein expression to correct for loading differences. TnI p22/23 phosphorylation was measured using a phosphospecific antibody and was normalized to the total TnI signal after reprobing the same membrane with a pan-specific TnI antibody. n ϭ 5 control and 7 HA. RV, right ventricle. *P Ͻ 0.05. Molecular weight standards are in kiloDaltons.
the pulmonary arterial hypertension (PAH) samples (Fig. 2 , control vs. failure, P ϭ 0.00384), and when the phosphorylation of MyBP-C was normalized to itself, there was no change in phosphorylation (Fig. 2, left) . None of the other myofilament proteins examined (total MHC, actin, desmin, TnT, TnI, MLC1, and MLC2) showed changes in protein expression in the pressure-overloaded ventricles compared with controls. To assess whether the increased MyBP-C protein was incorporated into the sarcomere, we calculated the ratio of MyBP-C to myosin in the skinned cell fragments that were used for the measurement of force (below). These cell fragments are extensively skinned, and free cytoplasmic proteins are lost. The ratio of MyBP-C to myosin in skinned myocytes from the HA RVs was significantly increased compared with controls (0.24 Ϯ 0.1 vs. 0.19 Ϯ 0.1, P Ͻ 0.05), whereas the myosin-to-actin ratio remained the same (2.6 Ϯ 0.07 in HA myocytes vs. 2.5 Ϯ 1.2 in control myocytes, P Ͼ 0.05). These data strongly suggest that the increased MyBP-C protein was associated with the myofilament lattice.
Heart failure is associated with a switch from ␣-to ␤-MHC in rodents, and even in humans (who normally express nearly all ␤-myosin), small changes in the amount of ␣-myosin expression are associated with ventricular dysfunction. Therefore, ␣-and ␤-myosin expression was determined by 6% SDS-PAGE. No significant differences were observed in ␣-myosin expression between control and pressure-overloaded samples (␣-myosin: 28.5 Ϯ 5.8% in control samples vs. 25.2 Ϯ 12.6% in HA samples, P Ͼ 0.05). It is important to note that, although no significant differences were observed between groups, in this neonatal model there is still a significant amount of ␣-MHC at the time of death (Fig. 3) . As with other large animal models, the adult bovine model expressed nearly all (Ͼ90%) ␤-myosin, whereas in the 2-wk calf model, there was ϳ75% ␤-myosin and 25% ␣-myosin. Since TnT and TnI are also developmentally regulated, we examined expression differences in adult and neonatal animals (Fig. 3 ). There were no differences in TnT expression; however, slow TnI was still minimally expressed in the ventricle from neonatal animals, and treatment had no effect on expression levels (data not shown).
To quantify the absolute levels of MLC2 phosphorylation, two-dimensional electrophoresis was performed (Fig. 4) . Phosphorylation was determined by adding the signal for the P1 and P2 sites and dividing by total MLC2 (U ϩ P2 ϩ P2). Total MLC2 phosphorylation in each group was quite high (as has been previously shown in other model systems). However, in pressure-overloaded animals, MLC2 phosphorylation was significantly reduced (46.5 Ϯ 0.02% compared with 65.2 Ϯ 0.02% in control animals).
Because significant changes in phosphorylation of a number of myofilament proteins were seen, we examined the expression of the PP2 and PP1 catalytic subunits. Both PP1 and PP2 have been shown to be relevant myofilament phosphatases, and it has been suggested that the expression and activity of these enzymes influence contractility in the failing human heart (27, 52) . In this model, expression of the PP2a catalytic subunit (Fig. 5A) was not changed in response to RV pressure overload. PP1 catalytic subunit expression (Fig. 5B) was significantly increased in pressure-overloaded animals.
Regional differences in myofilament protein expression and phosphorylation. Because of the unique geometric properties of the RV, it is important to establish whether there are regional differences in contractile protein biology. Therefore, we took biopsies from the RV free wall near the base, in the midventricular wall, and near the apex of the heart (from both control and experimental animals). Total protein expression of MyBP-C, desmin, TnT, and ␣-myosin were determined by gel electrophoresis (␣-myosin and MyBP-C) or Western blot analysis (desmin and TnT), as described above. There were no significant regional differences in total protein expression (normalized per gram of protein; Fig. 6 ) of any of these proteins in any of the sampled regions of the RV, although differences Fig. 2 . MyBP-C expression and phosphorylation. 7.5% SDS-PAGE was used to increase the separation of myosin and MyBP-C to more accurately quantify changes in MyBP-C expression and phosphorylation. Phosphorylated MyBP-C was quantified by dividing the PQD signal by the Coomassie brilliant blue (CBB) signal for MyBP-C. Total MyBP-C was quantified by densitometry of the CBB signal. Total protein (50 g) was loaded in each lane. n ϭ 5. *P Ͻ 0.005, control vs. failure. between control and experimental groups were similar to those seen in our previous set of experiments.
As with total protein expression, there were no significant regional differences in the phosphorylation of MyBP-C, desmin, TnT, or TnI in samples from either control or experimental animals (data not shown). This finding affirms that sampling from any region of the RV is representative of the entire RV.
Single cell mechanics. Skinned single cell preparations were used to evaluate ventricular function at the level of the isolated skinned myocyte. As was seen with the biochemical data, myocytes isolated from the various regions of the RV showed no regional differences in the force-pCa relationship (data not shown). Measurements from control and pressure-overloaded (HA) RVs were made at two different sarcomere lengths (1.8 and 2.2 m) to evaluate whether length-dependent activation changed in response to pressure overload. As shown in Fig. 7 , there was a significant decrease in the Ca 2ϩ sensitivity (pCa50) of contraction in animals exposed to hypobaric hypoxia compared with control animals without a significant change in maximal force generation or cross-bridge turnover rate (Fig. 7,  bottom) . Interestingly, there was a good correlation between mean arterial pressure and Ca 2ϩ sensitivity, suggesting a graded mechanical response to the afterload pressure. An increase in sarcomere length from 1.8 to 2.2 m produced a significant (P Ͻ 0.01) increase in Ca 2ϩ sensitivity, supporting the existence of length-dependent activation in both groups (Fig. 7) . However, there was no significant interaction between sarcomere length and treatment, suggesting that length-dependent activation had a similar dependence on length in both control and HA groups. Finally, to establish the differential impact of pressure overload and hypoxia on contractile performance, we evaluated isolated cell mechanics in LV tissue from HA and control animals and found no differences in pCA 50 , maximal force, or cooperativity between the two groups (data not shown).
DISCUSSION
The goals of this study were twofold: 1) to quantify adaptations in bovine RV biochemistry and mechanics in response to acute pressure overload and 2) to define the biochemical and mechanical characteristics of the bovine RV by region. The questions are of substantial importance as the function of the RV in clinical disease is one of the strongest predictors of outcome and there are few therapies that acknowledge and target the unique biology of the RV. Understanding the early stages of RV failure may help to identify adaptive and maladaptive responses and help to identify therapeutic targets with the aim of preventing progression of the disease.
The neonatal calf is an appealing model for several of the reasons articulated above, including the fact that it is a large animal model that has considerable fidelity to human heart disease. However, it is important to acknowledge that there are some innate limitations. One is that the animals are neonates, not adults, and another is that the RV pressure overload is not Fig. 4 . Absolute quantitation of MLC2 phosphorylation. Two-dimensional SDS-PAGE was used to quantify changes in MLC2 phosphorylation in control and HA animals. Spots corresponding to MLC have been enlarged for clarity. Phosphorylation was calculated as P1 ϩ P2/U ϩ P1 ϩ P2. n ϭ 5 control and 5 HA. *P Ͻ 0.05. purely mechanical but occurs in the context of hypobaric hypoxia and is associated with both vascular inflammation and activation of inflammatory cytokines (10, 38) . The neonatal calf contains significantly greater amounts of ␣-MHC than the adult bovine and TnI in this model is still ϳ15% slow TnI. These differences in isoform expression, while distinguishing fetal from adult animals, still significantly resemble human isoform expression, suggesting that this large animal model may more closely depict human disease than available rodent models. However, we cannot rule out the possibility that isoform differences in the neonates may have contributed to the response of the ventricle to pressure overload, particularly the presence of slow TnI. Despite these limitations, the calf provides a unique large animal model of PAH that accurately and rapidly recapitulates the clinical presentation of PAH and concomitant right heart dysfunction.
One important finding of the study was that there were no regional differences in contractile protein isoform expression, phosphorylation, or sarcomere dynamics in the RV either in control conditions and in response to pressure overload. This result mirrors a similar study (45) done using tissue samples from the human LV, which also showed the absence of regional differences in contractile protein biochemistry, even in portions of the LV that evidenced asymmetric hypertrophy. This result affirms that studies defining functional properties of the failing RV can assume that muscle sampled from any part of the chamber free wall will be representative of the whole. A caveat of both our study and the previously published work is that the samples included the entire free wall and were not intended to contrast the endocardium versus epicardium. There is literature that suggests both that the pressure gradient varies across the muscle wall (6) and that expression of Ca 2ϩ handling proteins, atrial natriuretic peptide, and phosphorylation of at least one contractile protein (MLC2) reflects this gradient (5, 29) .
Sarcomere mechanics of the RV were significantly influenced by the coincidence of hypobaric hypoxia and pressure overload and were characterized by a striking decrease in Ca 2ϩ sensitivity of contraction with preserved F max . This was primarily due to the mechanical pressure load and not the global impact of the hypobaric hypoxia, as preliminary data suggested that there were no mechanical differences in cells isolated from the LV (which was subjected to an equivalent hypoxia but without increased pressure load). Decreases in Ca 2ϩ sensitivity of skinned muscle preparations have been described in response to a number of conditions, including treatment with PKA and PKD, and have been postulated to primarily reflect an increase in TnI phosphorylation at Ser 22/23 sites (1, 20) . In fact, the overall decrease in Ca 2ϩ sensitivity seen in cardiocytes from the pathological RV contrasts with a number of studies evaluating sarcomere mechanics in the failing LV, which generally demonstrates an increase in Ca 2ϩ sensitivity, also in the context of decreases in sarcomeric protein phosphorylation (3, 44, 50) .
The Frank-Starling effect, an increase in the force of contraction as the muscle moves from a shorter to a longer length, is characteristic of cardiac performance. It has been suggested that patients with heart failure lack a strong Frank-Starling effect (31) , although this effect has been found in failing human RV tissue (49) and in failing rat RV myocytes (9) . Here, we demonstrate a Frank-Starling effect in the pressure-overloaded calf RV and show that in the acute pressure-overloaded RV there is no change in the degree of length-dependent activation.
We were struck by the overall decline in protein phosphorylation in the HA RV. However, the decline in phosphorylation of multiple contractile proteins, including TnI, TnT, and MLC2, seen in this model of RV failure is similar to data seen in end-stage LV heart disease in human and animal models (42, 54) . When studied in isolation, these changes in protein phosphorylation have distinct and occasionally contradictory effects on sarcomere dynamics. For example, dephosphorylation of TnI at Ser 22/23 is associated with an increase in Ca 2ϩ sensitivity (44), whereas increased phosphorylation of TnT has been shown to significantly decrease the sensitivity of the filaments to Ca 2ϩ in vitro (40) . Chemical dephosphorylation of MLC2 results in decreased tension development of isolated skinned cardiac fibers (24) , and genetic modification of the molecule to render it nonphosphorylatable impairs in situ cardiac perfor- mance (32) . In vitro dephosphorylation of MLC2 by PP1 shifts the force-Ca relationship to the right (43), which mirrors the results seen in the present study, and, indeed, increases in PP1 were seen in the severely overloaded RV.
These mechanically distinct effects that have been described in isolated muscle preparations or in transgenic models in which a single protein is modulated are difficult to extrapolate into a complex in vivo pathological circumstance (such as RV pressure overload), both because it's hard to describe a functional hierarchy of effects and also because, in addition to the separable effects of each modification, there are clearly cooperative interactions whereby a modification of one protein influences the phosphorylation of a second. For example, a decrease in phosphorylation of MLC2 has been shown to have secondary effects to decrease overall TnI phosphorylation (32) , and mutations in TnT (e.g., a deletion at Lys 201 ) can alter the phosphorylation of several of the other sarcomeric proteins (33) . Furthermore, it has recently been shown that there is an uncoupling of TnI phosphorylation and Ca 2ϩ sensitivity in two different models of dilated cardiomyopathy (8, 36) . This suggests that there is a hierarchy of both phosphorylation propensity and site-specific phosphorylation (48) , and how this manifests in disease is unclear. It is possible, for example, that there are competing time-and disease-specific domains that impact contractile protein phosphorylation and muscle performance, and sorting this out will require a "systems biology" approach to myofilament function.
Expression of MBP-C protein was increased in the overloaded RV, whereas phosphorylation of MyBP-C was unchanged with regard to total protein. The importance of alterations in MyBP-C in the regulation of contraction is increasingly being recognized (37, 41) . Expression of nonphosphorylatable protein in transgenic mouse hearts results in contractile dysfunction (26, 30) ; however, both increases (53) and decreases (2, 18) in overall protein phosphorylation have been reported in human heart disease. As a result, no clear consensus has emerged as to how this might impact contractile performance. In contrast to the other proteins analyzed, MBP-C phosphorylation appears to exert a mechanical effect indirectly by rendering the protein more or less vulnerable to proteolysis (PKA sites at Ser 282 and Ser 302 have been implicated) with mechanical sequellae that either reflect haploinsufficiency or the generation of a poison peptide (51) . This might imply that the increase in protein expression seen is a compensatory response to ␤-adrenergic downregulation and might serve to preserve muscle performance. In summary, the spectrum of changes observed in the phosphorylation of these several contractile proteins in this model of RV failure are consistent with data observed in other studies (13, 48) of the hypertrophied and failing LV and most likely reflect, at least in part, ␤-adrenergic receptor downregulation. It is certainly plausible that, when integrated, the biochemical findings result in a decline in the Ca 2ϩ sensitivity of the Error bars denote 95% confidence intervals. Nonoverlap indicates significant differences at P Ͻ 0.05. Top: significant reduction in pCa50 in HA compared with control (P ϭ 0.03). There was a significant increase in Ca 2ϩ sensitivity with an increase in sarcomere length (P Ͻ 0.01) but no significant interaction of HA with sarcomere length (P ϭ 0.37). Middle top: significant increase in developed tension with increase in sarcomere length (P Ͻ 0.01) but no significant effect of HA (P ϭ 0.30) or interaction between sarcomere length and HA (P ϭ 0.10). Middle bottom: log2 of the Hill coefficient, a normally distributed measure of cooperativity (46) in muscle, which showed a significant decline in cooperativity with increases in sarcomere length (P ϭ 0.002) but no significant change in the HA group compared with the control group (P ϭ 0.14) and no significant interaction (P ϭ 0.10). Bottom: cross-bridge turnover rates (ktr), which showed no significant differences with treatment.
sarcomere and provide a mechanistic explanation for the overall decline in RV performance in the context of pressure overload. However, similar changes in sarcomeric protein phosphorylation in the hypertrophied and failing LV appear to produce different mechanical sequellae, a result that underscores the fact that there are chamber-specific differences in muscle mechanics and that these differences may provide targets for tailored therapies for RV and LV failure. 
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